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HRL OUTLINE
LABORATORIES

 INTRODUCTION AND PROGRAM GOALS

« HRL TEAM ORGANIZATION
« PROPOSED ANALOG OPTICAL SIGNAL PROCESSING FOR
APPLICATIONS IN LOW PROBABILITY OF INTERCEPT (LPI) RADAR
AND ELECTRONIC SUPPORT MEASURES (ESM) SYSTEMS:

« PULSE COMPRESSION FOR MULTI-LINE WAVEFORM
GENERATED BY PHOTONIC OSCILLATOR

« TRANSVERSAL FILTERS FOR ESM PULSE DETECTION
« ADVANCED PHOTONIC COMPONENTS BASED ON

PHOTONIC BANDGAP (PBG) DESIGNS AND HIGH-Q
GLASS-BASED MICRO-RESONATOR FILTERS
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mANALOG OPTICAL PROCESSING OF RF-PHOTONIC SIGNALS:
R o COMPRESSION AND DETECTION OF LPI WAVEFORMS

MODE- LO/LPI
LOCKED WAVEFORM LPI =LOW PROBABILITY OF INTERCEPT
('éﬁcsoiz) GENERATOR

_ COARSE
A BEAMFORMING: AN

| RF-MEMS E/O e TTD [ZATION:
TUNABLE MOD ¢ RF-MIXING REAL-TIME —-=_p—
FILTER ' PHOTONIC FOURIER

FREQUENCY FEED TRANSFORMER
CONVERSION il
o FINE CHANNEL -
| - IZATION:
-~ CI::’LHOOC':I'%EN?CY;A — DE?SC;QOR CORRELATOR |—e— WDM TRANS- |—*—
EET ' VERSAL
ALGORITHMN FILTER
DETECTION OF FREQUENCY-
COMPRESSION (FM/PHASE- SPREADED LPI WAVEFORMS FOR
ENCODING) OF PHOTONIC ELECTRONIC SUPPORT MEASURES
LPI MULTILINE WAVEFORMS (ESM) => CHANNELIZATION OF RF-
=> RANGE RES. OF PHOTONIC SIGNALS VIA WDM-
<1ft (Tcomp ~ 2 nsec) BASED OPTICAL FILTERS
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CALTECH: RAYTHEON COMRANY:
Prof. A Yariv  Dr.R. Buck_ley (Surveillance and
Prof. K. Vahala Reconnaissance Segment,
Prof. A. Scherer El Segundo, Calif.)

System Analysis for LPI Radar,
 Photonic Bandgap especially Photonic Waveform Gen.

(PBG) Device e Dr.J. Allen

> WIEE-SEEE (C3l, Garland, Texas)
NESCUENLIE Pulse Detection for ESM EW System

HRL LABORATORIES
Communication and Photonics Lab.
W. Ng, D. Yap, R. Hayes,

A. Walston, K. Sayyah
RF-Photonic Devices/Subsystems:
Including Photonic Encoders
& Transversal Filters
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I T; T FREQUENCY-SPREADED WAVEFORMS FOR Raytheon
tasoraromes REDUCED PROBABILITY OF INTERCEPTION

Measured RF Spectrum of Multiline
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Note: 1) Equal radar detection performance
2) Uniform noise background / uniform target reflection f(GHz)

9 Waveform fme equel (Gqual fime spread) - Reduced Probability of Interception

WAVEFORM CHARACTERISTICS . . .
Swept-CW Stepped » Ultra-Wideband Carrier Permits Use

Broadband inle-l i - .
Noise. Multiple-Line i of Reduced Transmit Power Levels

* Line Spacing and Bandwidth

> _= = Depends on Anticipated Performance
& = = of ESM Receiver

=] =

2 « Broadband noise (1 GHz). CW multiple line i 7 H H

- : e Wi inel oo cemetmim™ | —» Pulse Compression in Analog

Time 4 sets of 5lines over 2 GHz Optical Signal Processing (AOSP)
Program
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FREQUENCY-SPREAD
CARRIER WAVEFORM GENERATION

LABORATORIES
- Phase Noise Inversely Related
to Square of Storage Time
- OPTICAL Multi-T . ,
HIESVS%Y\II\JER INTENSITY uCallrriZ?e - Tone Spacing is Inversely
CW LASER MODULATOR Waveform Related to Storage Time
T PHOTONIC OPTICAL - Dual Loop Approach Achieves
ENERGY INTENSITY _
STORAGE MODULATOR Larger Tone Spacing As Well As
RF-OPTOELECTRONIC ELEMENT I_ Ph N .
FEEDBACK I * ow ase Noise
CIRCUIT <
PHOTO-
DETECTOR
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m Multi-tone Photonic Oscillator Phase Noise

LABORATORIES
Modulator
Pump Laser n
5 MHz <
_> 4_
* RF Output
Tunable
¢ Narrowband /\ | N O fggrt
i i i : RF Filter Long P
—» 26 MHz&— [ X1 RF Coupler Loop
PD,
_ Dual-Loop Multi-tone
10 T T —_— Photonic Oscillator
loar = T0L185 GHE
=0 = losc = 10211 GHE —
Fasc = 102289 GHz
30 = \ . Dual-Loop Multi-Tone Photonic Oscillator with
E 50 Yoy a 1 km Long Loop and <10 m Short Loop
5 p Tunable Narrowband Filter (< 5 MHz 3dB-BW)
o 0 . At Photonic Oscillator Output To Select Tone
% 90 Nearly Identical Measured Phase Noise For
w Various Tones Separated By Multiples of 26
M0 MHz
B Similar Phase Noise Measured between Single
130 Tone and Multi-Tone Photonic Oscillator
150 ' Injection locking => Phase-coherent Operation
107 10% 103 104 10
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m PULSE COMPRESSION: FM CHIRP

LABORATORIES
TRANSMIT
T |
£(t) /AF /Sﬁ/
U RECEIVE
. |Antenna
RF DISPERSIVE Gain =G
SOURCE DELAY-LINE

RF-PHOTONIC LPI

DISPERSIVE « PHOTODETECTED
SIGNAL
PROCESSOR || DE-AYLINE AT ANTENNA
(Pulse Comp.) BEFORE TRANSMIT

 PICKED UP BY
I~ 1/AF—> REMOTED OPT.
t MODULATOR ON
— RECEIVE
anie = t

FROM RADAR RANGE EQUATION: P ... % OT(PRF)P,,
RANGE RESOLUTION (AR): : : T
1 PULSE 1 Pulse Compression Ratio =PCR = —
AR ==cT » AR=—crT T

2 COMPRESSION 2 e.g. T ~ 1-100 psec; AR ~ 1 ft for T~ 2 nsec
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m PULSE COMPRESSION: PHASE-CODING

LABORATORIES

BINARY-PHASE CODED PULSE: BINARY-PHASE DECODER FOR PULSE COMP. :
« Barker Code of Length N=7 « For Barker Codes, PSL =-20log(N)
| t + .
16
15
DELAY LINE 14
+++——+_:{—[lll¢12§ :g
L —t 1 - -rb_1
= T = 1412108 6 4 2 0

PHASE-CODING (BINARY, POLYPHASE) OF RF MODULATED ON OPTICAL CARRIER:

BINARY PHASE CODING: POLYPHASE CODING:
LI R £ = = . # - RF
onornea /' O\ R DIRECTIONAL.
Control Voltage CARRIER ATy 0/ % COUPLER NETWORK
| ¥ AT, »
R e At
plRATN T DPTICAL TIME DELAY
' ' / 0150056 FOR RF PHASE SHIFT
- 1 T WAVEGUIDE oot
RF-MOD. - — DIRECTIONAL
OPT. OPT. @ OPT. COUPLER
SIGNAL SWITCH SWITCH

« Switching Speed is determined by Code Interval (T,,g.): RE PHASE
e.d. T . 4. = 100 nsec => 10 MHz switching DELAY

code
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m PULSE COMPRESSION: FM CHIRP vs PHASE Raytheomn

Lasoratories ENCODING

* Analysis of Ambiguity Function

PLOT OF SIGNAL AMPLITUDE FROM

(Range vs Doppler Shift) RECEIVER vs NORMALIZED DOPPLER

SHIFT FOR DIFFERENT WAVEFORMS:

 Considerations of Doppler
Tolerance, Reconfigurability,

0150-0:0-059

Electromagnetic Compatibility 1.0
(in a frequency band)

* Binary/Polyphase Codes,
Complementary Codes, Peak
Side Lobe (PSL), Integrated
Side Lobe (ISL).

- NONLINEAR FM XMIT
 Approaches to implement Phase :,:El“AIRTPH*'}SE |

PEAK SIGNAL AMPLITUDE
=
=]

1

CONTINUOUS STEP FM
FRANK POLYPHASE

LINEAR FM

L
NONLINEAR FM XMIT & RECEIVE

Encoding/Decoding and FM- 0 0.1 ;_-ILE
Chirp for an LPI Waveform,

generated by the HRL/Raytheon
Multi-line Waveform Generator.
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I;T;T™ DIRECTIONAL COUPLER SWITCH BASEDON1-D (™%

R
Lasoratories PHOTONIC BANDGAP STRUCTURES % [
—
AT WAVEGUIDE MODE CONVERTER
S
| WAVEGUIDE 1 1 PBG

COUPLING

ot t } REGION

COUPLING LAYER | WAVEGUIDE 2 1

04 S0-00- 103

« TAKE ADVANTAGE OF DIFFERENT
TUNNELING PROPERTIES OF TE AND
™™ MODES THROUGH THE 1-D PBG

« EXTINCTION RATIO > 25 dB, COUPLING
LENGTH ~ 200 um (1/6 that of
Conventional Directional Couplers)

- ESTIMATED DEVICE SWITCH VOLTAGE
~4V

MORE APPLICATIONS OF PBG
AS PROGRAM EVOLVES
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m WORK IN PHOTONIC BANDGAP DEVICES
o INA. YARIV'S GROUP AT CALTECH
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LASER: . :
- — e First reported* photonic
o defect cavity laser based
\ on the PBG concept.
» )
T s s 0 * Science vol 284 (5421), pp. 1819-1821, 1999.

« First analytical solution**
for photonic crystal

-3 waveguides.
 Predicts, for the 1st time
- £, that low-loss guiding only
00 000000 ' ki

occurs at Quantized
o O o ) 2
6000900909009 ¥)p= 1287 W = b/4, 3b/4, 5b/4...
V270" e 0" e 0 " :

** Opt. Lett., Vol 27, issue 11, page 936-938, June 2002.
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m PHOTONIC FILTERING FOR PULSE DETECTION Raytheon

LasoraTories IN ESM APPLICATIONS

SCHEMATIC OF ELECTRONIC WARFARE JAMMER:

Antenna

BN

H s | Interference|| Pulse
Y Mitigation Detection
|
% Y Measure ||pulse| |  Signal

Angle of [l sort Identification
Arrival I

Y Signal | _|Regenerate| | Pngh Y

Isolation Pulse ower

« WDM-BASED TRANSVERSAL
FILTERS CHANNELIZE FREQ.
RANGE OF INTEREST FOR
PULSE DETECTION, AND
SUBSEQUENT DIGITAL SIGNAL
PROCESSING (DSP).

TRANSMISSION

e

Amp

FREQUENCY RANGE |

OF CHANNELIZATION

|

!
’\1X’\2X’\3 ...... AN
| | | |

fs

fl f2 f3 IIIIII fN fe
FREQUENCY (GHz)
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m FINITE IMPULSE RESPONSE (FIR) RF-PHOTONIC FILTERS
e rames FOR MICROWAVE SYSTEMS

SINGLE POLARITY FIR FILTER FORMED FROM TAPPED DELAY-LINES:

T T T IMPULSE RESPONSE FILTER
—> 1 O d 1 O d|—| O d|—| OTd OF FILTER: CHARACTERISTICS:
OPTICAL T T L—l'l Transform Af D1/at
INPUT T :‘JI A -
IZ L PHOTODIODE > t
IMPULSE I *
RESPONSE: At 2At 3At NAt _“l 1/At |“_

M. <—Td/ time = FREQUENCY =

Z

8_) e FREQUENCY SPACING IS 1/At

fﬁ ‘ * FILTER Q (=f./Af) INCREASES WITH INCR-

xl | I | EASES WITH THE NUMBER OF TAPS.

TIME

BIPOLAR FIR FILTER FORMED FROM TAPPED DELAY-LINES:
FILTER RESPONSE:

IMPULSE RESPONSE: (linear units)
(linear units) 12
10
OPTICAL I
TIME-DELAY DIFF. DETECTOR _’| d |<_ ®
INPUT_| OF EACH > 1|i | - — ]
LOOP IN BOTH — # I/ .
Td/2C 2
TIME >
-1 -0.5 0.5 1

FREQUENCY (in units of 4/t,)
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RF-PHOTONIC TAPPED DELAY-LINE FILTER FORMED
LaeoraTORIES FROM SILICA WAVEGUIDE CHIP

SILICA WAVEGUIDE DELAY-LINE TECHNOLOGY:

MEASURED AND MODELED

e E Y p—— FILTER RESPONSE:
R>5m
AR > 100 pm ¢ RIBBON-CONNECTORIZED
' (SPLICED AS RIBBON) 0

8 DELAY-TAPS

® LOSS <0.054 dB/cm

1
63

= FWHM
o ~ 0.5 GHz
Eu’ -10 —>
9p) RF-RESPONSE
Z _15 -\ OF MODULATOR
O AND PHOTO-
% 20 DETECTOR
@ -
2 o1
I
TIME-DELAY MEASURED VIA PULSE RESPONSES: = 30
SYNTHESIZED FROM THE FREQ. RESPONSE OF 800 L
FREQUENCIES (FROM 45 MHz TO 10 GHz): -351
1.0 - N
E o Iz;:\lﬁa{l::lv:gume 1 = Reference '40 1 1 2
= nput
S os I' —— 1L2(0.243n3) 0 2 4 10
§ 0.7 ——— L4 (0.487 1) FREQUENCY (GHZ)
i_E/ 08 ——16(0.730 ns)
a Zj L8 (0.974 1) —— MEASURED PHOTONIC FILTER RESPONSE
2 o L oo —— MODELED FILTER RESPONSE
g o2 \ ' Tl —— FREQUENCY RESPONSE OF MODULATOR
< o 1( ——L14@704ns) AND PHOTODETECTOR
s WAVAVAVAVAV

-1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0

TIME DELAY (nsec)
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HIGH-Q MICROWAVE FILTERS BASED ON TAPPED
DELAY-LINES IMPLEMENTED WITH WDM TECHNOLOGY

20 GHz HRL DOUBLE-BALANCED RECEIVER:

2

I M* A h& “" ." * :rie t dete
2 'p.v‘)."’.’y# TR ?& of BBdRCVR
° o
4 Ve .
& w2

, RF RESPONSE (dBm)

=
=)

Q0
"'.._‘,‘I'..

10 15 20 25

FREQUENCY (GHz)

LABORATORIES
attenuator\‘k T 100% reflective gratings
Ao A3
|| 11}
LLLI At LLLI
= i1 -
* DOUBLE-
BALANCED
RECEIVER
H—H—H
DELAYS BEFORE A As A
FIBER GRATING
=T, 2T, .. Nt
IMPULSE RESPONSE FILTER
OF FILTER: CHARACTERISTICS:
Transform Af D1/At
-7‘/"‘ \Nm
At 2At  3At  NAt ——I 1/At I._
time - FREQUENCY =

« FREQUENCY SPACING IS 1/At
* FILTER Q (=f.//Af) INCREASES WITH K,

THE NUMBER OF TAPS.

FEATURES OF WDM-BASED RF-FILTER:

« USING M MULTIPLEXED WDM LASERS
(WITH N DELAY-LINES), THE
NUMBER OF TAPS (K) GOES UP AS
K=MxN=>HIGH Q FILTERS

« USING DOUBLE-BALANCED RCVR =>
FILTER SYNTHESIS WITH +ve & -ve COE.

« THE CENTER FREQUENCY AND PASS-
BAND OF THE FILTER CAN BE
RECONFIGURED AGILELY VIA A-TUNING.
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PHOTONIC-BASED RF-FILTER USING CHIRPED FIBER
GRATING AND HRL WDM TRANSMITTERS

MEASURED AND MODELED
RF-RESPONSE OF FILTER:

LABORATORIES

FIR FILTER USING WDM LASER SOURCES

AND CHIRPED FIBER GRATINGS (FG): 0 I
Chirped Fiber Grating n o
Photonic A A A a8
1 2 3
Modulator —_ > wl
RF; >0
Circulator . * . —
1f /A it 1
WDM — =8
TRANS- EOMK  Photo- %7 RF oyt B 0
MITTERS etectors ou o
— - & DOUBLE- 242 ElRE —— MEASURED
A Ao Ay 2! BALANCED
RECEIVER 351 —— MODELED
O+
M Wavelengths = -40 RN Y Y [ N E— E—
A, As Ag
o 1 2 3 4 5 6 7 8 9 10

Modulated by RF;,

M WAVELENGTHS FREQUENCY (GHz)

FILTER IMPULSE RESPONSE:

0.10

HRL WDM Er-FIBERLASER TRANSMITTER
. U.S. PATENT 6,005,877 (issued 12/21/99)

406 ps CHIRP FG
w SIN 19110101
) M n A2 127.396 ps/nm
0 1 =z 0.08t t=0 A3 Igc =2.12mA
T 5oL e
-10 A1 | 328nm a2
n'c
W S o0.06
- [0 A1 =1550.88 nm
20 A1 =1550.88 nm L ® }‘1 _loea 12 nm
Ay =1554.12 nm S g 0.04 2 - 3
<0 A3 =1557.40 nm =" A3 =1557.40 nm
S
-40
W oo02f
nd

-50 SPECTRUM AFTER

,CIRCULATOR

210 -05 00 05 1.0 15 20 25 3.0
TIME (nsec)

-60

1.545 1.549 1.553 1.557 1.561 1.565
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HIGH-Q MICROSPHERE RESONATORS: WDM ]
LaBoRATORIES WAVELENGTH ADD-DROP APPLICATIONS N

BT} § BT
(=2 =
(= 1 B9
- 25 |
elnsertion Loss = 0.1 dB EDL . 1 ED
; I\.htq:hre#ll ]
*Drop Extinction > 25 dB [ '-
*Drop Loss <0.5dB 15_1133._%2._;._;]._29._;8.;?._% -|25|-£4|-|£|-£E11
‘Q of 104 - 106 Fownea (B
—_— 5 —_
(For Q=10°, Af ~ 3 GHZz) Vahala group
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m ULTRA-HIGH Q MICRO-GLASS RESONATOR 9%
LaBoraTories FOR ANALOG OPTICAL SIGNAL PROCESSING &/

OBJECTIVES:

*Realize this function with Q > 108 (Af ~ 3 MHz).

*Reduce the spectral complexity (resonance degeneracy

caused by fabrication eccentricity in micro-resonator) of system.
*Achieve a 2-port portable test device and deliver prototype to

HRL for Analog Signal Processing applications

Vahala group

APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLMITED
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m STIMULATED BRILLOUIN SCATTERING FOR
Lasoratories |MPROVEMENT OF OPTICAL MODULATION DEPTH

RF in
SBSMEDIUM 5 oro.
! ISOLATOR ~ 2X2 fmmmm e + DETECTOR
coupLer () () :
N L TTe— .~ "
TRANSMITTER lf ™ Stokes  signal l
light light
PHOTO- RF out
DETECTOR
Monitorl
Port

* SBS in optical fiber limits forward optical power to
being below some threshold value

* SBS Threshold depends on length and type of
fiber, and can be approximately 5-10 mW for 25 km

* Narrow SBS linewidth means even fairly low-
frequency signals are preserved when optical
carrier is attenuated

* HRL will investigate ways to apply the SBS effect
with shorter fiber lengths

Williams and Esner,
Electronics Letters, vol. 30,
pp. 1965-1966 (1994)

o Optical Carrier

Input to SBS
Medium AM Sidebands

/‘/ \‘

Output from SBS Optical Carrier
Medium SBS Threshold

\Y
>

’ \
>
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m PROGRAM OBJECTIVES AND TASKS

LasoraTories FOR PHASE |

TASK 1:

TASK 2:

TASK 3:

TASK 4:

PHOTONIC FILTER DEVELOPMENT
SYSTEM ANALYSIS FOR ESM PULSE DETECTION
PULSE COMPRESSION OF MULTI-LINE LPI WAVEFORM

ADVANCED FREQUENCY CHANNELIZATION COMPONENTS
AND PBG DIRECTIONAL COUPLER DEVELOPMENT
EVALUATE HIGH-Q MICRO-RESONATOR FOR RF-
PHOTONIC SIGNAL PROCESSING

SIGNAL PROCESSING DEMONSTRATIONS:

SYSTEM ANALYSIS OF MULTI-LINE RECEIVER

USE OF STIMULATED BRILLOUIN SCATTERING (SBS)
FOR SIGNAL PROCESSING IN LPI SYSTEM
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2 Surveillance and Reconnaissance Raytheon

Systems (El Segundo,CA)

Raptor - —— SeaVue
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLMITED
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WRaytheon systems capabilities help HRL
Es 1o serve DARPA’s mission goals Raytheon

* HRL is supported in the DARPA AOSP program by the Advanced
Sensor Programs (ASP) product line of Raytheon Company

e As part of the Surveillance and Reconnaissance organization, ASP is
active in the development and applications of photonics in evolving
multifunction systems

« ASP personnel include professional photonic scientists and
engineers with extensive experience in design and production of
devices and subsystems

« ASP and Raytheon National Systems (C3I) cooperate to bring both
ESM and radar systems experience to advance the goals of AOSP

* This system experience assists HRL to understand how increased
functionality due to photonic technologies will benefit users, and to
establish meaningful requirements
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&l ASP support activities emphasize  paytheon

= reguirements-and-system-anabysis

* The HRL/Raytheon AOSP program is centered on the wideband
frequency agile spread spectrum photonic waveform generator

« ASP’s tasks in AOSP are related to system analysis, such as

- Requirements for the multiline RF comb waveform

- Stability and phase noise issues

- Implications of correlated phase noise

- Pulse compression techniques (FM/phase encoding)
- Methods for capturing the comb energy on receive

- Matched filters and correlation receivers

APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLMITED
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